The extracellular form of vaccinia virus is referred to as an enveloped virion (EV) because it contains an additional lipoprotein membrane surrounding the infectious mature virion (MV) that must be discarded prior to cell fusion and entry. Most EVs adhere to the surface of the parent cell and mediate spread of the infection to adjacent cells. Here we show that some attached EVs have ruptured envelopes. Rupture was detected by fluorescence microscopy of unfixed and unpermeabilized cells using antibodies to the F13 and L1 proteins, which line the inner side of the EV membrane and the outer side of the MV membrane, respectively. The presence of ruptured EV membranes was confirmed by immunogold transmission electron microscopy. EVs with broken membranes were present on several cell lines examined including one deficient in glycosaminoglycans, which are thought to play a role in breakage of the EV membrane prior to fusion of the MV. No correlation was found between EVs with ruptured membranes and actin tail formation. Studies with several mutant viruses indicated that EV membranes lacking the A34 protein were unbroken. This result was consistent with other properties of A34R deletion mutants including resistance of the EV membrane to polyanions, small plaque formation and low infectivity that can be increased by disruption of the EV membrane by freezing and thawing. Published by Elsevier Inc.
Introduction
Poxviruses are large, enveloped DNA viruses that replicate in the cytoplasm of the host cell (Moss, 2007) . Virus assembly begins in specialized factory areas with the formation of a crescent-shaped membrane and progresses to production of the infectious mature virion (MV) (Condit et al., 2006) , which is retained in the cell until lysis or enclosed by a double membrane to form a wrapped virion (Smith et al., 2002) . The wrapped virion is transported along microtubules to the periphery of the cell, where the outer membrane fuses with the plasma membrane resulting in an extracellular enveloped virion (EV) (Moss and Ward, 2001 ). Thus, the EV is essentially an MV with an additional membrane. Most EVs remain cell-associated and mediate cell-to-cell spread (Blasco and Moss, 1992) , which is enhanced by long cellular protrusions called actin tails (Roper et al., 1998; Sanderson et al., 1998; Wolffe et al., 1997 Wolffe et al., , 1998 . In addition, some EVs are released into the medium and may contribute to long-range spread (Payne, 1980) .
Recent studies indicate that the fusion proteins required for virus entry reside in the MV membrane (Izmailyan et al., 2006; Ojeda et al., 2006a Ojeda et al., , 2006b Senkevich et al., 2004 Townsley et al., 2005a Townsley et al., , 2005b and that the EV membrane is discarded prior to entry (Carter et al., 2005; Law et al., 2006) . It is well known that the EV membrane is fragile and that it is broken or absent in a significant percentage of EVs purified from the medium (Ichihashi, 1996; Roos et al., 1996; . During microscopic studies of VACV infected cells, we noted that the outer membrane of some attached EVs also appeared to be broken. Here we document this occurrence and show that EV membrane rupture is not dependent on a specific cell type or formation of actin tails but is absent or greatly reduced in cells infected with a mutant lacking the A34 EV membrane protein.
Results
EVs with a ruptured outer membrane are present on the surface of infected cells Six proteins are known to be components of the EV outer membrane. Of these, A56 and B5 are type I integral membrane proteins; A33 and A34 are type II integral membrane proteins; F13 is a peripheral membrane protein; and K2 is associated with A56 as a heterodimer. Except for F13, these proteins have long extracellular domains that are exposed on the surface of the EV. Since F13 resides on the inner aspect of the EV membrane and the cytoplasmic side of the plasma membrane, it should be inaccessible to exogenous antibody. However, when HeLa cells were infected with vF13-HA, a recombinant VACV that has an influenza hemagglutinin (HA) epitope tag appended to the C-terminus of F13, staining was detected with an HA MAb. In the experiment depicted in Fig. 1 , infected cell monolayers on coverslips were stained directly in the tissue culture wells using primary and secondary MAbs in phosphate-buffered saline (PBS) containing 10% fetal bovine serum (FBS) to minimize cell injury. In the top row of Fig. 1 , the cells were stained successively with anti-HA and -B5 MAbs to detect F13 and B5, respectively. With the anti-B5 MAb, there was extensive bright punctate staining, presumably representing EV particles, although some B5 detected might have been inserted into the plasma membrane during exocytosis. A subset of the B5-staining particles appeared to react with the anti-HA MAb (Fig. 1, top row) . It seemed likely that the exposure of F13 resulted from partial disruption of the outer EV membrane Fig. 1 . Detection of EV and MV proteins on the surface of unfixed and unpermeabilized infected cells. HeLa cells were infected with vF13-HA and after 16 h were stained first with mouse anti-HA MAb (top row), mouse anti-L1 MAb (middle row) or rabbit anti-HA polyclonal antibody (bottom row) followed by FITC-conjugated anti-mouse IgG or anti-rabbit IgG antibody. Cells were then stained with rat anti-B5 MAb (top and middle rows), mouse anti-L1 MAb (bottom row) followed by rhodamine red-conjugated anti-rat or anti-mouse IgG antibodies. Stained cells were then analyzed by confocal microscopy. Green, FITC; red, rhodamine red. Scale bars, 10 μm.
rather than the plasma membrane since there was no intracellular staining. If that interpretation is true, then MV proteins should also be exposed. The latter was confirmed by staining with a MAb to the L1 MV protein, which does not traffic independently of virus particles to the plasma membrane. A subset of the particles that were stained with anti-B5 MAb also reacted with anti-L1 MAb (Fig. 1, middle row) . Moreover, there was co-staining of many particles with anti-HA and -L1 MAbs (Fig. 1, lower row) , indicating that the F13 detected was associated with ruptured EVs. Similar images were obtained when infected cells were fixed with paraformaldehyde but not permeabilized prior to MAb staining (not shown).
The above experiments were carried out without permeabilization to avoid staining of cytoplasmic F13-HA and L1. For comparison, infected HeLa cells were fixed and treated with digitonin, which selectively permeabilizes the plasma membrane, prior to staining with anti-HA, -L1 or -B5 MAbs. Since the anti-B5 MAb recognizes the luminal domain of B5, digitonin treatment had no effect on staining (Fig. 2 ). In contrast the patterns of F13 and L1 staining were consistent with their known Golgi membrane and factory localization, respectively (Fig. 2) . The absence of such staining in the experiments depicted in Fig. 1 confirmed that F13 and L1 staining had not resulted from inadvertent permeabilization of the plasma membrane and was due to ruptured EV membranes.
The presence of EVs with ruptured membranes was not specific for HeLa cells, as particulate staining with anti-HA MAb was detected on the surface of hamster BHK-21, monkey BS-C-1, rabbit RK 13 , mouse L and mouse Sog9 cells that were infected with vF13-HA (Fig. 3) . The detection of ruptured EV Fig. 2 . Detection of EV and MV proteins in fixed and digitonin permeabilized infected cells. HeLa cells infected with vF13-HA for 16 h were fixed with paraformaldehyde and permeabilized with digitonin. Cells were stained with mouse anti-HA MAb (top row), rat anti-B5 MAb (middle row) or rabbit anti-HA polyclonal antibody (bottom row) followed by FITC-conjugated anti-mouse or anti-rat IgG or anti-rabbit IgG antibodies. Cells were then stained with rat anti-B5 MAb (top row) or mouse anti-L1 MAb (middle and bottom rows) followed by rhodamine red-conjugated anti-rat or anti-mouse IgG antibodies. Cells were then analyzed by confocal microscopy. Green, FITC; red, rhodamine red. Scale bars, 10 μm.
membranes on Sog9 cells was of particular interest as these cells are deficient in glycosaminoglycans (Banfield et al., 1995) , which have been proposed to serve as the agents which disrupt the membranes of EVs on cell contact prior to entry (Law et al., 2006) . Rupture of EV membranes on Sog9 cells was confirmed and quantified by electron microscopy in the next section.
Determination of the integrity of the EV membrane by electron microscopy
The resolution of confocal microscopy was insufficient to characterize the particles with ruptured membranes. Therefore, HeLa cells infected with vF13-HA were stained with anti-HA MAb before processing the samples for transmission electron microscopy. Virions on the cell surface with broken outer membrane were readily detected and these were stained by anti-HA MAb, indicating accessibility of F13 on the inner surface of the EV membrane. EVs with all stages of membrane breakage and shedding were found and there were examples of discarded EV membranes that were resealed in an inside-outside fashion (Figs. 4A-E).
A similar experiment was carried out on glycosaminoglycandeficient Sog9 and parental L cells. Based on HA staining, we counted a total of 493 and 472 disrupted EVs on the perimeters of 50 L and Sog9 cells, respectively.
EV particles attached to actin tails have an intact outer membrane
Some EV particles on the cell surface are located at the tips of long protrusions called actin tails, which are necessary for efficient cell-cell virus spread. Since only the MV membrane is fusogenic, we considered the possibility that disruption of the outer membrane occurred on EV particles associated with actin tails in anticipation of cell fusion. To test this hypothesis, unfixed and unpermeabilized cells were incubated with MAbs to B5 or HA prior to actin staining. As expected, anti-B5 MAb decorated virus particles on the tips of many actin tails (Fig. 5 , top panel). However, there was no correspondence of F13-HA staining with actin tails (Fig. 5, second panel) , unless the EVs were first fixed and permeabilized with Triton X-100 (Fig. 5,  third panel) . Furthermore, EV with ruptured membranes were present on cells infected with vA36(Y112,132F) a mutant VACV with tyrosine mutations in the A36 protein that prevent actin tail formation, as shown by staining with a MAb to L1 (Fig. 5, bottom panels) .
Effect of deleting individual EV proteins on the integrity of the EV membrane
To analyze the role of individual EV proteins in determining the integrity of the EV membrane, cells were infected with vA33Δ, vA34Δ or vA56Δ, with deletions of A33R, A34R or A56R genes, respectively. Unfixed and unpermeabilized cells were stained with MAbs to L1 and B5. The patterns of staining of cells infected with vA33Δ and vA56Δ (Fig. 6) were similar to that of standard VACV (Fig. 1) indicating the presence of EVs with ruptured membranes. In contrast, EV particles on the surface of cells infected with vA34Δ were not stained with anti-L1 MAb suggesting greater stability of the EV membrane lacking A34 (Fig. 6) . Few particles staining with anti-L1 MAb were detected on the surface of cells infected with a B5 Fig. 4 . Detection of ruptured EV particles on the surface of cells by electron microscopy. HeLa cells were infected with vF13-HA for 16 h. Unfixed and unpermeabilized cells were stained with mouse anti-HA MAb followed by protein A gold. After staining cells were fixed, cryosectioned and examined by transmission electron microscopy. Fig. 3 . Detection of ruptured EV particles on the surface of multiple cell lines. BHK, BS-C-1, RK 13 , L and Sog9 cells were infected with vF13-HA and at 16 h were stained with mouse anti-HA MAb followed by Alexa 488-conjugated anti-mouse IgG antibody. Cells were then fixed and analyzed by confocal microscopy. Scale bars, 10 μm. deletion mutant (data not shown); however, the small number of EVs on the cell surface limited our interpretation in this case.
To confirm the result obtained with vA34Δ, we made a new A34R deletion mutant by replacing the A34R gene of vF13-HA with EGFP, allowing use of anti-HA MAb to stain F13. The resulting virus vF13-HA(A34Δ) exhibited a small plaque phenotype similar to that of vA34Δ (data no shown). Cells were infected with vF13-HA(A34Δ) and stained with MAbs to HA, L1 or B5 either with or without fixation and permeabilization. Infected cells were identified by green fluorescence and antibody staining was assessed. In the unfixed, unpermeabilized cells, no staining for F13 or L1 was detected despite punctate staining with MAb to B5 (Fig. 7, rows 1 to 3) . However, staining with anti-HA and -L1 MAb was obtained in cells fixed and permeabilized with digitonin (Fig. 7 , rows 4 to 6). These data indicate that the EV membrane is stabilized by the absence of A34.
We also examined cells infected with vF13-HA or vF13-HA (A34Δ) by electron microscopy. There were approximately 10-fold more EVs on the surface of cells infected with vF13-HA than vF13-HA(A34Δ), consistent with the greater release of the mutant particles from the cell surface (McIntosh and Smith, 1996) . Data compiled from two separate experiments indicated that of 1379 virus particles on the surface of cells infected with vF13-HA, 81 were stained with anti-HA MAb indicating rupture of the outer EV membrane. In contrast, of 780 virus particles on the surface of cells infected with vF13-HA(A34Δ), none was stained with anti-HA MAb. Nevertheless, the staining of EVs with antibody to the B5 protein was similar for both viruses. Thus, electron microscopy confirmed the stability of the EV membranes lacking A34.
Discussion
The presence of the fusion protein complex in the MV membrane implies that the outer membrane of the EV form of VACV must be removed prior to virus entry (Moss, 2006) . Indeed, stunning pictures of a broken EV membrane shroud above a virion attached to the plasma membrane have recently been published (Law et al., 2006) . For technical reasons the latter study and nearly all other studies of EVs have been carried out with particles released into the medium, even though they represent less than 1% of the total made by most VACV strains. The IHD-J strain, an exception that releases large numbers of EVs into the medium, has an amino acid substitution in the A34 protein that is not present in A34 homologs of other orthopoxviruses (Blasco et al., 1993) . The EV membrane is fragile as even fresh preparations of EVs contain up to 20% with ruptured or missing outer membranes (Ichihashi, 1996; Roos et al., 1996; . In addition, the EV membrane can be ruptured by low pH, freezing and thawing or addition of soluble polyanions (Law et al., 2006; Vanderplasschen et al., 1998) . The purpose of the present study was to analyze the state of progeny EV particles on the surface of infected cells, rather than those released into the medium.
Precautions were taken to prevent EV membrane damage due to handling of the cells. Thus, antibodies in PBS containing serum were added directly to the cell monolayers on cover slips . At 16 h, cells were stained with rat anti-B5 MAb (row 1), mouse anti-HA MAb (rows 2 and 3) and mouse anti-L1 MAb (row 4) followed by Alexa 488-conjugated anti-rat IgG, antimouse IgG and Alexa 594-conjugated anti-mouse IgG antibodies. Cells were then fixed, permeabilized with Triton X-100 and stained with Texas redconjugated phalloidin (rows 1-3). In row 3, cells were first fixed and permeabilized with Triton X-100 before staining. Cells were analyzed by confocal microscopy. Green, Alexa 488; red, Alexa 594 and Texas red. Scale bars, 10 μm. Arrows point to representative actin tails.
in tissue culture wells. When either unfixed or paraformaldehyde fixed but unpermeabilized cells were examined by confocal microscopy, we found some surface staining with MAb to the F13 protein, which is present on the inner aspect of the EV membrane, and to the L1 MV protein. The rupture of the outer membrane of about 6% of the EV particles was determined by immunoelectron microscopy, though this number may be an underestimate since thin sections were examined. We found evidence for ruptured progeny EVs on cells from a variety of sources including Sog9 cells. The latter result was surprising because Law et al. (2006) had reported that rupture of the outer membrane of spinoculated EVs did not occur during a 10-to 30-min period on such cells, which are deficient in glycosaminoglycans. This difference could suggest alternative mechanisms of membrane rupture.
We considered possible causes and consequences of EV membrane rupture. Rupture could occur during exocytosis, while on the cell surface but before release into the medium, or after release and reattachment to the cell. The most interesting hypothesis was that membrane rupture of progeny virions was related to the movement of actin tails and that exposure of the MV membrane might facilitate fusion with neighboring cells. However, finding intact EV particles on the tips of actin tails did not support this idea. We also found that tyrosine mutations of the A36 protein, which prevent actin tail formation and reduce plaque size, did not prevent EV membrane disruption. An A33 deletion mutant, which is also defective in actin tail formation, produced EVs with ruptured membranes. Thus, actin tail formation was not correlated with EV membrane rupture. We also considered the possibility that the A56 VACV hemagglutinin protein might help stabilize the EV membrane, as A56 deletion mutants cause extensive cell-cell fusion. Nevertheless, the extent of EV membrane rupture was similar on the surface of cells infected with an A56 deletion mutant and wild-type virus. However, we did find that the EV membrane on the Fig. 6 . Detection of ruptured EVs on the surface of cells infected with VACV mutants. HeLa cells were infected with vA33Δ, vA56Δ or vA34Δ. After 16 h, cells were stained with mouse anti-L1 MAb followed by Alexa 488-conjugated anti-mouse IgG. Cells were then stained with rat anti-B5 MAb followed by Alexa 568 IgG. Cells were then fixed and analyzed by confocal microscopy. Green, Alexa 488; red, Alexa 568 or 594. Scale bars, 10 μm.
surface of cells infected with an A34R deletion mutant was intact. This result was consistent with other properties of the A34R deletion mutant including small plaque formation and low infectivity that can be increased by the disruption of the EV membrane by freezing and thawing (McIntosh and Smith, 1996) and resistance of the EV membrane to polyanions (Law et al., 2006) .
In conclusion, EVs with ruptured outer membranes are present on the surface of VACV infected cells. Although removal of the envelope is necessary for virus fusion and entry of neighboring cells, the importance of membrane breakage at this stage is unknown. Presumably, the A56 and K2 proteins in the plasma membrane of the parent cell would prevent fuse back and re-entry (Turner and Moyer, 2006; Wagenaar and Moss, in press ). The absence of EVs with broken membranes from cells infected with an A34R deletion mutant provides further evidence that the A34 protein has a role in removing the envelope to allow virus entry.
Materials and methods

Cells and viruses
BS-C-1, RK 13 , BHK-21 and HeLa cells were grown and maintained in Eagle's modified medium supplemented with 10% FBS at 37°C with 5% CO 2 . L and Sog9 cells were grown in a similar manner except for use of Dulbecco's modified Eagle's medium. Recombinant VACV (WR strain) viruses are: vF13-HA expressing HA epitope tagged F13 protein (Husain et al., 2003) ; vA36(Y112,132F) previously referred to as vB5-GFP(A36,YdF) EGFP tagged B5 and A36 with tyrosine substitutions (Ward et al., 2003) ; vA34RΔ previously referred to as v41 containing a deletion of the A34R gene (Wolffe et al., 1997) ; vA33Δ containing a deletion of the A33R gene (Roper et al., 1998) ; vA56Δ containing a deletion of the A56R gene was kindly provided by Tim Wagenaar; and vB5Δ previously referred to as vSI14 and containing a deletion of the B5R gene (Wolffe et al., 1993) . vF13-HA(A34Δ) was constructed in this study by replacing the A34R gene with EGFP.
vF13-HA(A34Δ) was generated by recombination according to the following procedure. Plasmid pGA34-LGR was constructed by a 4-way ligation of polymerase chain reaction products containing the EGFP open reading frame under the VACV A34R gene promoter, two DNA segments of approximately 500 bp representing the left and right sides of the A34R open reading frame and linearized pGEM7 (Promega). HeLa cells were infected with vF13-HA at a multiplicity of 0.1 pfu per cell for 1 h at 37°C and then transfected with plasmid pGA34-LGR and Lipofectamine 2000 (Invitrogen) in Opti-MEM I medium (Invitrogen). After 2 days at 37°C cells were harvested and lysed by three freeze/thaw cycles. Diluted lysate of infected/ transfected cells was used to infect BS-C-1 monolayers and tiny green plaques were picked. After several rounds of plaque purification, the viral DNA was screened by polymerase chain reaction for the presence of the inserted DNA.
Viruses were propagated in HeLa cells and titrated by plaque assay on BS-C-1 cells as described (Earl et al., 1998) . , 4) , mouse anti-L1 MAb (rows 2, 5) and rat anti-B5 MAb (rows 3,6) followed by Alexa 594-conjugated anti-mouse or anti-rat IgG antibodies. Cells in rows 1-3 were unfixed and unpermeabilized; cells in rows 4-6 were fixed with paraformaldehyde and permeabilized with digitonin. Confocal microscopy images are shown. Green, GFP; red, Alexa 594. Scale bars, 10 μm.
Antibodies
Rat anti-B5 MAb 192C was prepared from a hybridoma derived by G. Hiller and mouse anti-L1 MAb 7D11 and anti-A33 MAb from hybridomas provided by A. Schmaljohn. Mouse anti-HA.11 MAb and rabbit polyclonal antibody that recognize the HA epitope and mouse anti-GFP MAb were purchased from Covance (Princeton, NJ). Fluorescein isothiocyanate (FITC)-conjugated anti-mouse, anti-rat and anti-rabbit immunoglobulin antibody, tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-mouse, anti-rat and rabbit immunoglobulin antibody and rhodamine red-conjugated antirat immunoglobulin antibody were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Alexa 488, 568 or 594-conjugated anti-mouse and anti-rat immunoglobulin antibodies and Texas red-conjugated phalloidin were procured from Molecular Probes Division of Invitrogen.
Confocal microscopy
Infected cells on cover slips were washed once with PBS and stained with primary antibodies diluted in 10% FBS in PBS for 1 h followed by secondary antibody diluted in 10% FBS-PBS for 30 min at room temperature. Cells were gently washed three times with PBS after incubation with each antibody. Cells were then fixed with 4% paraformaldehyde in PBS at room temperature for 20 min. Alternatively, cells were fixed first and permeabilized for 5 min with digitonin (20 μg/ml) or 0.2% TritonX-100 in PBS on ice or at room temperature, respectively. Cells were then stained with antibodies as above. Cover slips were mounted in 20% glycerol and fluorescence was examined under Leica TCS inverted confocal microscope. Images were analyzed and overlaid using Adobe Photoshop version 7.0.
Transmission electron microscopy
HeLa cells were infected with vF13-HA for 16 h, washed with PBS and incubated with MAb to HA and then with protein A conjugated to gold. The cells were then fixed, cryosectioned and viewed by transmission electron microscopy as previously described (da Fonseca et al., 2000) .
